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We show that quantum decoherence, in the context of observational cosmology, can be connected
to the cosmic dark energy. The decoherence signature could be characterized by the existence of
quantum entanglement between cosmological eras. As a consequence, the Von Neumann entropy
related to the entanglement process, can be compared to the thermodynamical entropy in a homo-
geneous and isotropic universe. The corresponding cosmological models are compatible with the
current observational bounds being able to reproduce viable equations of state without introducing
a priori any cosmological constant. In doing so, we investigate two cases, corresponding to two suit-
able cosmic volumes, V ∝ a3 and V ∝ H−3, and find two models which fairly well approximate the
current cosmic speed up. The existence of dark energy can be therefore reinterpreted as a quantum
signature of entanglement, showing that the cosmological constant represents a limiting case of a
more complicated model derived from the quantum decoherence.
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I. INTRODUCTION
The issue of unifying both classical and quantum cos-
mology is an open challenge of modern physics partially
due to the lack of a self-consistent quantum gravity the-
ory. All the attempts aimed to achieve a quantum gravity
theoretical scheme lead to many inconsistencies and it is
furthermore not clear how to measure quantum signa-
tures in the context of observational cosmology [1]. Re-
cently, the evidence of cosmic positive acceleration, re-
ported by several observational surveys [2–4], has open
further interrogatives, due to the ignorance of the phys-
ical nature of the fluid responsible for the cosmic speed
up. The standard framework leads to the existence of
a vacuum energy cosmological constant Λ, characterized
by a negative equation of state [5, 6]. Even though the
cosmological constant allows the cosmic acceleration at
late times, the observational bounds on Λ are incompat-
ible with theoretical predictions of a gravitational vac-
uum state. In addition, the Λ and matter order of mag-
nitude are surprisingly close to each other, although Λ
is supposed to be constant along the universe evolution.
These two thorny shortcomings, namely the fine tuning
and the coincidence problems, disturb the otherwise ap-
pealing picture of a cosmological constant and dramati-
cally plague the so called ΛCDM model [7, 8].
A way out for the above problems is to extend the stan-
dard Λ paradigm by postulating the existence of a new
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ingredient referred to as dark energy. It provides a fluid
with an evolving negative equation of state. A solution
is that quantum effects at fundamental level could be
responsible for the existence of dark energy [9]. The pos-
sibility to relate dark energy with quantum effects has
been recently considered by dealing with the existence
of a hidden mechanism behind the nature of the cos-
mological constant as a result of entanglement between
cosmological eras [10]. In doing so, the existence of en-
tangled states was postulated, showing that a running
cosmological constant is compatible with early times of
the universe evolution, while, at late times, the cosmo-
logical constant is recovered as a limiting case. Such a
result can be achieved also in the framework of alterna-
tive theories of gravity [11]. A key role for this approach
is played by quantum information that reached a grow-
ing interest during last decades spanning from condensed
matter to cosmology [12–18]. Moreover, relevant entan-
glement phenomena have been framed into robust theo-
retical schemes and verified through several experiments
[19]. Thus, selection criteria were sought in order to char-
acterize the entanglement amount of quantum states. All
of those criteria are essentially based on equivalent forms
of non-locality of pure quantum states. In addition, since
entanglement can be considered as a fundamental quan-
tity, its physical meaning has been compared with quan-
tities like energy and entropy.
The purpose of this work is twofold: we first wonder
whether it is possible to consider cosmic dark energy as
the result of an entanglement mechanism between two or
more than two cosmological eras during the universe evo-
lution. Secondly, we show that the corresponding equa-
tion of states, derived by the entanglement process, is
2compatible with the late time universe evolution as a run-
ning barotropic fluid equation of state. This approach is
justified assuming the entanglement mechanism applica-
ble to the degrees of freedom of macroscopic systems, in
this case, the whole observed universe. The latter pro-
cess is known in the literature as decoherence [20]. In
particular, the challenge of finding decoherence effects
in the cosmological scenario is related to the interaction
between qubits with their environment [21]. In particu-
lar, quantum coherence and entanglement of the quan-
tum states can lead to more decoherence if the number
of qubits increases [22].
In this paper, under the hypothesis that the decoher-
ence effects could be related to dark energy, we show that
it is possible to associate the Von Neumann entropy, as
a naive selection criterium, to the fluid accelerating the
universe. Choosing the simplest case in which the dark
energy represents the measurement of decoherence in the
observable universe, we demonstrate that it is possible to
infer a cosmological model which predicts the dark energy
effects without introducing a vacuum energy cosmologi-
cal constant term at late times. The paper is structured
as follows: in Sec. II we discuss the thermodynamics of
a homogeneous and isotropic universe in the context of
entanglement. In Sec. III we describe the cosmological
models derived by considering the entanglement decoher-
ence as a source for dark energy. In Sec. IV, we draw the
conclusions and discuss the perspectives of the present
approach.
II. THERMODYNAMICS AND
ENTANGLEMENT IN COSMOLOGY
Let us summarize the main features of entanglement
between cosmological eras from the thermodynamic point
of view. We pay particular attention to the relation of
entanglement effects with thermodynamics of the observ-
able universe. In doing so, it is prominent to start by tak-
ing into account an N -dimensional Hilbert space whose
probability of finding an observable is pk =
1
N
, ∀k. The
particular case in which only one of the pk is different
from zero corresponds to a pure quantum state. We are
interested in non-local and entangled states; therefore,
hereafter we assume that pk 6= 0 for a given set of k. We
introduce the density matrix ρˆ associated to the quantum
states. For a generic pure state, we have
ρˆp = |Ψ〉〈Ψ| . (1)
with the conditions Trρˆ = 1, Trρˆ2 ≤ 1, 〈χ|ρˆ|χ〉 ≥ 0, and
Trρˆ2 = 1 if the state is pure, Trρˆ2 < 1 otherwise [23]. In
the case of non-pure state, the generalization of Eq. (1)
is
ρˆ =
∑
j
|Ψj〉〈Ψj | . (2)
We are interested in finding selection criteria able to
quantify the entanglement degree in a given quantum
state. As a first example, we can consider the basic con-
cept of linear entropy SL =
N
N−1 (1− µ [ρˆ]). By inter-
preting µ[ρ] as a Taylor first order term of ρˆ, we can
consider, as a widely used estimator of quantum correla-
tions of a given subsystem, the so called Von Neumann
entropy, defined as
SV N = −Tr (ρˆ ln ρˆ) = −
∑
k
λk lnλk . (3)
In the framework of the Friedmann-Robertson-Walker
(FRW) spatially flat metric, i.e.
ds2 = dt2 − a(t)2
(
dr2 + r2 sin2 θdφ2 + r2dθ2
)
, (4)
one can model Eq. (3) for different cosmological eras.
Assuming that the eigenvalue λK , with K ∈ k a fixed
index, is the entropy dominating term, one can recast
Eq. (3) to be
SV N = ρ ln ρ , (5)
where ρ represents an effective density coming from the
superposition of quantum sates. We motivate the idea
of passing from Eq. (3) to Eq. (5), by assuming dark
energy as a lacking of information of quantum cosmolog-
ical states. Hence, by following [10], ρ can be interpreted
as a dark energy density. Thus, the idea of considering
entanglement, as a source of dark energy, could be justify
as a quantum signature of cosmological states. In partic-
ular, the universe dynamics can be reproduced through
entangled quantum states, in which current observable
evidences are inferred from quantum decoherence.
In cosmology, the dark energy term as well as the stan-
dard matter term are modeled by a perfect fluid energy-
momentum tensor of the form
Tαβ = (ρ+ P )uαuβ − Pgαβ , (6)
where gαβ is the FRW metric, u
α the four velocity and
P ≡ ωρ the equation of state relating the pressure P and
the density ρ. In the equation of state for dark energy, ω
is a negative number (function) that guarantees the re-
pulsive effect counterbalancing the attraction of gravity.
Considering the conservation law given by the contracted
Bianchi identities ∇αTαβ = 0, one gets the relation
dρ
dz
= 3
(
ω + 1
1 + z
)
ρ , (7)
where the scale factor of the universe has been reported in
terms of the redshift a = 1/(1+ z). From the Friedmann
equations,
H2 =
8πG
3
ρ ,
(8)
H˙ +H2 = −
4πG
3
(ρ+ 3P ) ,
3where H = a˙/a is the Hubble parameter, and the first
principle of thermodynamics [24], we get the functional
forms
ρ ∝ exp
[
3
∫
1 + ω(z)
1 + z
dz
]
. (9)
and
T ∝ exp
[
3
∫
ω(z)
1 + z
dz
]
, (10)
for the density and temperature respectively in terms of ω
as a function of the redshift z. Even though the dark en-
ergy and matter temperatures, in principle, could respec-
tively dominate some epochs of the universe, no significa-
tive modifications are today expected. We will make use
of Eqs. (9) and (10) in order to find out an expression
for ω in the case in which the dark energy term is derived
from decoherence.
Here we assume that the Von Neumann entropy, as a
measure of entanglement, contributes the whole entropy
of the universe; in this context, it is possible to address
the question of relating dark energy to decoherence.
III. DARK ENERGY FROM ENTANGLEMENT
In this section, we discuss the hypothesis to relate the
dark energy to the decoherence in the observable uni-
verse. In particular, as shown in [10], it is possible to
define the Von Neumann entropy in terms of observable
cosmological quantities; thus, considering that the ein-
genvalues of the Von Nuemann entropy can be derived
from the first principle of thermodynamics, we assume
dSV N
dz
∣∣∣
z=0
=
dS
dz
∣∣∣
z=0
, (11)
where S is the thermodynamical entropy in terms of red-
shift. This position can be considered the signature of
decoherence at our epoch (z = 0). Eq. (11) suggests
that dark energy evolves as entropy and the whole en-
tropy contribution is equivalent to the one predicted by
entanglement between states. Extending this postulate
to redshift different from zero, i.e.
dSV N
dz
∣∣∣
z>0
=
dS
dz
∣∣∣
z>0
, (12)
and by solving Eq. (11), considering from Eq. (5) the
Von Neumann entropy first derivative with respect to z,
we easily get
−
dρ
dz
(log ρ+ 1) =
1
T
d
[
(P + ρ)V
]
dz
, (13)
which is the continuity equation for a given volume V .
Since such an equation contains the equation of state
in its right hand side, the dark energy behavior can be
derived from entanglement. In order to solve Eq. (13),
we consider that the cosmological volume is defined in a
standard thermodynamical way by assuming V = V0R
3,
with R a suitable universe radius. R can be characterized
in two different way. The first, as discussed in [24], is
R ∝ a(t), leading to a volume which becomes zero at high
redshift and V0 ≡
1
H3
0
when z = 0. For the second case,
we assume that the universe size behaves as a comoving
radius in the Hubble sphere. This assumption has been
investigated in [25] and was firstly developed in the case
of the Entropic Principle, suggesting that the radius of
the universe scales as the inverse of the Hubble rate, that
is R ∝ 1
H
[26]. Assuming V (1) ∝ a3 and V (2) ∝ H−3, we
get from Eq.(13), respectively
3
log(eρ)
a3
+
1
T
[
3ω(a) +
1
a
d log(1 + ω(a))
dz
]
= 0 , (14)
and
3
ρ
a
log(eρ)(1 + ω(a))−
1
aρ2T
[
6(1 + ω(a))2 −
1
a
dω
dz
]
= 0 ,(15)
where e is the Napier number. Eqs. (14) and (15) have
no analytic solutions; by integrating numerically ω(a) in
terms of the redshift z, we obtain results represented in
Fig. (1) for ω(1) and ω(2).
The limiting behaviors for the two equations of states
in Eqs. (14) and (15) are respectively:
ω
(1)
0 = −0.75 ,
(16)
ω(1)∞ → −1 ,
and
ω
(2)
0 = −0.75 ,
(17)
ω(2)∞ → −0.85 .
It is worth noticing that, at high redshift, that is for
z ≫ 1, we recover the cosmological constant for ω(1) as
a limiting case. On the other hand, we infer that a dark
4FIG. 1: Numerical plots of ω for the two cases of Eqs. (14) and (15); the case V = V0a
3 is plotted in the left panel and the
case V = V0H
−3 in the right panel. Numerical coefficients for ρ, T and V are normalized to 1.
energy behavior is consistent also for ω(2). However, in
both models, a pure cosmological constant is disfavored
at low redshift; thus, it is clear that Eqs. (14) and (15)
provided a dark energy term, different from quintessence
and from Λ strictly holding at all epochs. In other words,
while the cosmological constant could be seen as a limit-
ing case at higher redshift regime for the first case, it is
not recovered in the second case at any redshift.
The functional form of ω can be approximated by the
following functions
ω(1) ∼ α+ β
1
β + γ(1 + z)n
, (18)
and {
ω(2) ∼ −δ2z, 0 ≤ z ≤ 1;
ω(2) ∼ ǫ2z, z ≥ 1.
(19)
respectively, where α, β, γ, δ, ǫ are constants to be deter-
mined by observations.
Looking at Eqs. (18) and (19), it is clear that by set-
ting the initial conditions at ω(z = 0) = −1, the cos-
mological constant dominates over all the eras of the
universe evolution; on the contrary, the functional forms
that approximate the equation of state are similar to the
phenomenological ones, evaluated in [27]. In particular,
it seems that the introduction of the entanglement pro-
cess, evaluated as a result of decoherence in the observ-
able universe, reproduces phenomenological equations of
state of the universe, without assuming any cosmological
constant a priori.
IV. CONCLUSIONS AND PERSPECTIVES
Quantum decoherence can play an interesting role in
the context of observational cosmology. In particular, by
assuming a decoherence signature at any epoch, it is pos-
sible to trace back the evolution of dark energy by com-
paring the variation of the Von Neumann entropy with
the thermodynamic entropy. This approach can be pur-
sued for any perfect fluid consistent with a given equation
of state. Here we have considered a FRW universe. In
particular, we discussed cosmological models where dark
energy behavior can be achieved without postulating a
priori a cosmological constant. The existence of dark
energy at our epoch can be seen as a quantum signa-
ture resulting from a decoherence process, while along
the universe evolution, it is possible to feature different
scaling volumes comparable with observational data. In
particular, we investigated two cases: a volume V ∝ a3
and a volume V ∝ H−3. The corresponding cosmological
models fairly well approximate the cosmological behavior
at our time, showing that the existence of a cosmological
constant appears as the limiting case of a more compli-
cate dynamics. Entanglement between different cosmo-
logical eras leads to conclude that the existence of dark
energy can be seen as the observable effect of such pro-
cess. In future researches, we are planning to develop
in detail such an approach comparing observable cosmo-
graphic parameters with thermodynamical quantities re-
lated to information theory.
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